ABSTRACT: Using density functional theory augmented with state-of-the-art van der Waals corrections, we studied the geometric and electronic properties of nonplanar chlorogallium-phthalocyanine GaClPc molecules adsorbed on Cu(111). Comparing these results with published experimental data for adsorption heights, we found indications for breaking of the metal−halogen bond when the molecule is heated during or after the deposition process. Interestingly, the work-function change induced by this dissociated geometry is the same as that computed for an intact adsorbate layer in the "Cl-down" configuration, with both agreeing well with the experimental photoemission data. This is unexpected, as the chemical natures of the adsorbates and the adsorption distances are markedly different in the two cases. The observation is explained as a consequence of Fermi-level pinning due to fractional charge transfer at the interface. Our results show that rationalizing the adsorption configurations on the basis of electronic interface properties alone can be ambiguous and that additional insight from dispersion-corrected DFT simulations is desirable.
INTRODUCTION
Combining experiments and simulations has become a crucial approach in modern surface science for gaining in-depth atomistic insight into processes at interfaces. It also helps to eliminate certain ambiguities that prevail when interpreting experimental data. 1−3 This is particularly true for X-ray standing wave (XSW) experiments, which allow for the determination of adsorption distances with picometer resolution 4 and are, therefore, of crucial importance for rationalizing interface properties. 5−8 At the same time, such experiments allow for the determination of adsorption geometries only modulo the distance between crystallographic planes parallel to the surface. 9 −11 Thus, they can provide two or more possible interpretations for the geometry of the adsorbate. This especially applies to large, nonplanar molecules, 7, 12 where unambiguously determining the adsorption height by choosing several nonparallel sets of scattering planes 10 can be difficult. Which of the conceivable adsorption geometries is correct can then be determined using density functional theory (DFT). DFT calculations are also highly useful when investigating the coexistence of different phases and adsorption configurations of molecules on surfaces. They have become particularly powerful over the past few years, as recent advances in the treatment of van der Waals interactions within DFT have hugely increased the reliability of the theoretical results. 13−20 This improvement now allows computations to take a more proactive role in this symbiosis. By means of calculations, it becomes relatively straightforward to test scenarios that usually are not automatically considered, including the dissociation of the adsorbed material. 21 Such an endeavor lies at the heart of the present work, in which we revisit a previously investigated, very well characterized system: chlorogallium-phthalocyanine (GaClPc) on Cu (111) . 12 This system serves as an example of an interface between a nonplanar, polar molecule and a metal, where (i) molecule−metal charge-transfer effects crucially impact the electronic properties and (ii) the determination of the adsorption configuration is far from straightforward. Traditionally, for nonplanar, phtalocyanines (Pcs) the considered adsorption configurations comprise situations in which an intact molecule adsorbs with the molecular backbone parallel to the surface and the central metal atom (or metal−halogen bond) protruding perpendicular to it. 7,20,22−24 Deviating from this common view, we find here that, upon annealing or deposition onto sufficiently heated substrates, a situation with Cl dissociated from the molecule becomes a likely scenario. This process might be more common in Cl-bearing Pcs than hitherto discussed.
COMPUTATIONAL DETAILS
Using VASP (version 5.3.3), 25 we performed full geometry optimizations, employing the Perdew−Burke−Ernzerhof (PBE) functional 26, 27 with projected augmented-wave (PAW) potentials 28, 29 to treat core−valence interactions (see SI for details). We note that the PBE functional has been shown to cause an incorrect ordering of ligand versus metal-centered states in some metal-Pc 30−32 molecules, which also prevails on noble-metal surfaces. 32, 33 For the present interfaces, however, such states do not contribute to the density of states within a few electronvolts of the Fermi energy, as shown in the SI. Thus, we can safely assume that this shortcoming of the PBE functional is not relevant for the present discussion and will not significantly affect the observed charge transfer near the Fermi level. In passing, we note that some of us recently studied the influence of the DFT functional on simulated work functions for the adsorption of various organic molecules on other coinage-metal surfaces. 32, 34 The differences in the work functions calculated with either PBE or "conventional" hybrid functionals, such as PBE0 or HSE06, were rather small. We expect that this will be similar for the present system, especially as it is chemically closely related to the systems studied in ref 32 . This further justifies the use of the PBE functional.
To account for long-range dispersion forces, the vdW surf algorithm 16 specifically tailored to treat adsorption on metallic surfaces was applied. This computationally efficient post-SCF energy-correction scheme combines the vdW-TS dispersion correction approach 14 with Lifshitz−Zaremba−Kohn theory 35, 36 to account for nonlocal Coulomb screening at surfaces. 16 It has been shown to yield adsorption distances in excellent agreement with experiment. 16, 18, 19, 32 The van der Waals coefficients C 6 , α, and R for the atoms comprising the GaClPc molecule were taken from ref 14 . For Cu, the default settings in VASP 5.3.3 were replaced by the metal-specific parameters from ref 16 . A special modification of the VASP code kindly provided by Tomaś̌Bucǩo (Comenius University, Bratislava) allowed us to selectively switch off the van der Waals correction between specific atomic species. This was applied here to the interaction between the atoms of the Cu substrate, which is useful because vdW surf is not designed to treat van der Waals interactions in the bulk. It also enabled us to use a PBEoptimized lattice constant for Cu (3.637 Å).
For the plane-wave basis, a cutoff energy of 500 eV was set (early steps of geometry optimizations were done with a cutoff energy of 400 eV). The states were occupied according to the Methfessel−Paxton 37 scheme, and a Monkhorst−Pack 38 (2 × 2 × 1) k-point mesh was applied. To model a surface structure with a metallic substrate, the simulations were performed applying the repeated slab approach with five layers of Cu representing the metal substrate. The periodic replicas of the slab were decoupled by a vacuum region of at least 20 Å containing a self-consistently determined dipole layer compensating for the electrostatic asymmetry of the slab. 39 The geometry optimizations were done using GADGET 40 and VASP. The advanced geometry optimization algorithms implemented in GADGET and the use of a sophisticated model Hessian yield particularly fast convergence properties (see SI for details). 40 During our geometry optimizations, all molecular atoms as well as the top two substrate layers were allowed to relax in all spatial directions until the gradient fell below 0.01 eV/Å. More information on the employed methodology is provided in the SI. Cl-down configuration, with the Cl atom between the molecular backbone and the surface, and the flipped Cl-up configuration, with Cl pointing away from the surface. The Clup interpretation was considered less likely, as it would lead to a strong, energetically unfavorable shortening of the Ga−Cl bond.
12 DFT calculations of the adsorbed molecules placed at the experimental adsorption distances supported the dominance of the Cl-down phase; full geometry optimization including van der Waals (vdW) corrections could not be performed because, at that time, reliable van der Waals corrections were not yet widely available. The assignment of a Cl-down phase was strongly supported by the observation that the calculated work-function shifts upon GaClPc adsorption in the Cl-down configuration agreed almost perfectly with the ultraviolet photoelectron spectroscopy (UPS) data. Notably, the coexistence of Cl-up and Cl-down conformations (or other situations for that matter) was not analyzed in detail. In passing we note that, in ref 12, the UPS results for the annealed GaClPc monolayer were correlated with XSW measurements where the films were deposited at elevated temperature (rather than annealed).
12 It was then assumed that equivalent molecular configurations on the surface were obtained for the two cases, which is, in fact, corroborated by our findings discussed below.
Building on recent advances in available computational methods (vide supra), it is now possible to go beyond the approach outlined above. As a first step, we investigated the above-mentioned Cl-up and Cl-down configurations with one molecule in a rectangular ∼18 × 18 Å surface cell (corresponding to approximately 80% coverage; for details, see SI). The resulting fully optimized geometries are shown in Figure 1a ,b, and the experimental adsorption heights and the corresponding calculated values are reported in Table 1a ,b. As the experiments provide adsorption distances relative to the (hypothetical) unrelaxed topmost metal layer (i.e., relative to the bulk lattice), 9 ,10 equivalent values are also reported for our simulations (although the surface relaxations of the two topmost metal layers were considered explicitly in the geometry optimization).
For the Cl-up scenario, the molecule stays comparably flat, the Ga−Cl bond is perpendicular to the molecular backbone, and the Ga atom is at a greater distance from the substrate than the molecular plane. We find good agreement between calculated and experimental distances for the C and N atoms. For the metal−halogen group in the center of the molecule, however, the heights disagree by more than 1.0 Å. Moreover, whereas experiments predict that the Ga atom is closer to the substrate than the molecular backbone, simulations clearly position it at a larger distance. The incompatibility between theoretical and experimental results for the Cl-up conformation is, actually, not really surprising, considering that adsorption of GaClPc on Cu(111) in the Cl-up configuration was considered to be inconsistent with the experimental and theoretical data already in ref 12.
In the Cl-down configuration, the GaClPc molecule exhibits an umbrella-like shape that is slightly tilted to the side. Remarkably, also for the Cl-down configuration, the full geometry optimizations performed here yielded adsorption distances clearly deviating from the experimental values: In the simulated structure, the molecule is significantly closer to the surface than one would expect from experiment. This effect is particularly large for the C atoms, where the calculated average C position is by more than 1.2 Å lower than the experimental The Journal of Physical Chemistry C Article value. Also the experimental finding that Ga is positioned below the average C adsorption height cannot be reproduced computationally for the Cl-down structure. To clarify the origin of these deviations, we studied a significant number of variations in unit cell size and starting geometry. They all yielded qualitatively similar deviations from the experimental structure (see SI for details).
The lack of agreement between the measured and calculated adsorption distances implies that other, hitherto-uninvestigated adsorbate structures have to be taken into account. In this context, an intriguing aforementioned observation is that, in the Cl-up conformation, the geometry of the backbone is already very close to that observed by experiment, with the discrepancy lying "only" in the positions of the central two atoms. This raises the question which modifications in the adsorption configuration would change that situation. In this context, it is interesting that, in several instances, partial and/or full dechlorination of metal-bonded Cl atoms in organic films on coinage-metal substrates has been reported upon adsorption and/or annealing. 21, 41, 42 Therefore, considering that the Cu surface can promote molecular dissociation, 43, 44 another potentially realistic scenario is that the Cl atom is separated from the rest of the molecule.
In the case of GaClPc on Cu(111), it is clear that the Cl atom remains on the surface, as can be inferred from the XSW results and the associated X-ray photoelectron spectroscopy (XPS) characterization.
12 Therefore, we simulated a situation with the GaPc and Cl fragments adsorbing side by side on the Cu(111) surface separated by more than 4 Å to prevent spurious interactions (structure Cl-diss in Figure 1c ). In passing we note that, as a test, we also considered a situation in which the Cl atom was removed from the unit cell, mimicking a situation in which the Cl atom has diffused away from the molecule. This simulation yields adsorption distances for the remaining GaPc system that are virtually identical to those in the Cl-diss case.
The geometry of the molecular backbone of the Cl-diss configuration is very similar to that of the Cl-up configuration, adsorbing essentially flat on the surface. A notable exception is the Ga atom, whichin contrast to the Cl-up caseis located below the organic backbone, that is, between the backbone and the substrate (Table 1c) . We attribute this difference to the Ga atom no longer being saturated by the bond to the Cl atom, which triggers a stronger interaction with the Cu surface. Overall, the quantitative agreement between the measured and calculated adsorption distances is excellent for both the molecular constituents and the Cl atom. Remaining deviations are in the range of a few hundredths of an angstrom. Only for the C atoms are they somewhat larger (0.15 Å). In this context, it is interesting to note that the calculated C adsorption heights spread over 0.48 Å. This is related to the 4-fold symmetry of the molecule being reduced to a 2-fold symmetry upon adsorption on the 6-fold symmetric-top layer of the substrate. This leads to two of the four molecular branches bending more strongly and, thus, coming significantly closer to the Cu surface (see SI for details). Regarding the Cl adsorption positions, it is worth mentioning that both the measured and calculated adsorption distances are similar to literature values for isolated Cl atoms on Cu(111). 45 The overall excellent agreement between the measured adsorption distances and the calculations for the Cl-diss conformation implies that the dechlorination of at least some of the GaClPc molecules is a realistic scenario, especially upon deposition at elevated temperature (i.e., for the samples used in the XSW experiments in ref 12 ) or upon annealing of the films (as in the UPS experiments, vide infra).
3.2. Configuration-Dependent Adsorption Energy. The possibility of a splitting-off of the Cl atom at the Cu(111) surface is further supported by the relative adsorption energies. These energies were obtained for the different configurations by subtracting the energies of the separately geometry-optimized isolated molecule (E molecule , optimized in a converged 45 × 45 × 40 Å 3 unit cell) and the geometry- The Journal of Physical Chemistry C Article optimized metal slab (E slab ) from the total energy of the combined system discussed so far (E system )
The results are reported in Table 2 , together with the corresponding contributions arising from van der Waals interactions. The latter strongly contribute to the adsorption energies, which implies that suitable theoretical tools for describing van der Waals interactions are a crucial prerequisite for reliably optimizing the geometries of such systems. 15, 16, 18, 19, 32 The significantly lower (i.e., less negative) adsorption energy of Cl-down compared to the two other configurations is a consequence of the much larger adsorption distance of the molecular backbone and, thus, a significantly reduced van der Waals attraction. While Cl-up and Cl-diss lie at very similar adsorption distances, Cl-diss is more strongly bonded to the surface.
At this point, it should be stressed that adsorption energies only point to the thermodynamically most stable configuration, neglecting any kinetic effects. In the present case, it appears likely that a certain activation barrier is associated with the splitting-off of the Cl atoms. As a consequence, depending on the film growth and the annealing conditions, the coexistence of several configurations (Cl-up, Cl-down, Cl-diss) is certainly a viable scenario with a considerable impact on the expected experimental data. This possibility would be consistent with Cl dissociation appearing especially when films are grown on substrates at elevated temperatures (for XSW experiments) or when a sample is annealed (as for the UPS measurements discussed below).
12 It should also be mentioned here that the exact value of the adsorption energy for the Cl-diss scenario depends on the fate of the Cl atom. Although it is known from XSW experiments that the Cl atom remains on the Cu(111) surface, it might adsorb in different positions, such as at step edges, and/or Cl atoms could form islands. Although our simulations do not focus on elucidating the detailed mechanism of the dechlorination reaction, it is worth mentioning that some mechanistic insight can be gained from previous studies on related systems. This calls for an in-depth investigation of the work-function changes caused by the organic adsorbate layer. Interestingly, the value of ΔΦ that we computed for the fully relaxed Cl-down conformation (ΔΦ = −0.58 eV, cf. Table 3 ) is essentially the same as the computational value reported in ref 12 (ΔΦ = −0.55 eV, cf. Table 3 ) despite the very significant differences in adsorbate geometries: Whereas we fully optimized the geometries, in ref 12, fixed adsorption heights determined from experimental values were used. For Cl-down, the latter approach resulted in a molecular backbone that was more than 1.0 Å higher than when the geometry was fully optimized (cf., Table 1 ). Even more surprisingly, an equivalent value for the work-function change is obtained for the Cl-diss case (ΔΦ = −0.62 eV; see Table 3 ), which is intriguing considering that the highly polar Ga−Cl bond is no longer intact. In passing, we note that, for the situation with Cl removed from the unit cell, we also obtain a value of ΔΦ = −0.65 eV, which, as for all other calculated values mentioned so far, would be consistent with the experimental ΔΦ value of −0.60 eV obtained after annealing. The only GaClPc configuration considered in this work that induces a markedly different work-function modification is Cl-up: Its ΔΦ of −0.37 eV is, however, very close to the −0.34 eV measured for GaClPc films grown at 80°C prior to annealing at 300°C.
12
To understand the origin of the very similar work-function modifications induced by the Cl-down and Cl-diss configurations, it is useful to split the total work-function change into two parts: first, the contribution stemming from the dipoles of the molecules that form the adsorbate layer, ΔΦ dip , and second, the contribution from the charge rearrangements at the surface. The latter cause the so-called bond dipole, ΔΦ bond . 47, 48 For the overall work-function change, one then obtains
To calculate ΔΦ dip , the molecules are arranged in a (hypothetical) free-standing monolayer in exactly the geometry they would adopt on the surface. ΔΦ bond is obtained by solving Poisson's equation using the bonding-induced charge rearrangements as a source term (see SI for details). The values of ΔΦ dip and ΔΦ bond for all systems are listed in Table 3 . ΔΦ dip can be understood from the adsorption geometries of the different conformations: When Cl is significantly above the π-backbone, the orientation of the molecular dipole causes a shift in the work function of +0.23 eV. Reversing the dipole a The minimal deviations from eq 2 arise from the asymmetry of the slab due to rearrangements of the top two Cu rows, which were neglected in the derivation of ΔΦ bond .
b To avoid effects of spurious charge transfer in the Cl-diss case between the GaPc molecule and the Cl atom, these two fragments were calculated separately (see SI for details).
The Journal of Physical Chemistry C Article orientation in Cl-down results in a change in sign of the molecule-related work-function modification, and ΔΦ dip becomes −0.26 eV. For Cl-diss, the Ga−Cl dipole disappears (ΔΦ dip = −0.08 eV). When comparing ΔΦ bond for Cl-down and Cl-diss, one observes that the smaller ΔΦ dip value for Cldiss is accompanied by a larger ΔΦ bond value, such that, as a net effect, the total work-function modifications become essentially the same. The fundamental reason for this result is rooted in the filling of the molecular states upon adsorption: As shown in Figure 2 , where the density of states projected onto the molecular layer (PDOS) is drawn, in all considered cases, a partially filled molecule-derived band at the Fermi energy is observed. That is, the Fermi level cuts through the peak associated with the band derived from the lowest unoccupied molecular orbital (LUMO).
This scenario results in Fermi-level pinning, namely, a situation in which the system work function becomes independent of the work function of the substrate. 34,49−54 Then, it is essentially the energy of the "molecular pinning level" that determines the work function, at least as long as (i) all molecular dipoles are located spatially between the metal substrate and the molecular states at which the Fermi level is pinned 54 and (ii) the packing density is sufficiently high. 55 In such a case, ΔΦ bond has to compensate for differences in ΔΦ dip . This is exactly what happens here for Cl-down and Cl-diss. The equality of ΔΦ for Cl-down and Cl-diss thus implies that the characters and energetics of the LUMO-derived bands after adsorption are essentially the same in the two systems, an assessment that is fully confirmed by calculating the energetic positions of those bands relative to the vacuum energy in the (hypothetical) free-standing molecular monolayers.
The situation is fundamentally different when the molecular dipole is located farther from the substrate than the pinned molecular levels, as is the case for Cl-up. Then, this dipole induces an additional shift in the electrostatic energy beyond the value determined by Fermi-level pinning. 54 Thus, for Cl-up, ΔΦ bond is essentially the same as the total work-function shift of Cl-down and Cl-diss (i.e., determined by the energy of the level at which the molecular backbone is pinned). In addition, there is a work-function change of +0.23 eV due to the arrangement of the Ga−Cl dipoles above the molecules.
As mentioned before, the obtained work-function change of −0.37 eV for Cl-up is intriguingly close to the largest workfunction reduction of −0.34 eV that is measured for GaClPc films deposited at 80°C prior to annealing. 12 This potentially indicates that, in this case, a large portion of the molecules adopt the Cl-up configuration, which is energetically favorable over Cl-down (see Table 2 ). Although it cannot be excluded that part of the GaClPc molecules arriving in a Cl-down configuration lose their Cl atom right upon adsorption [as reported for FeOEP-Cl on Cu (111) 21 ], a more substantial loss of Cl atoms apparently occurs only when the films are deposited at elevated temperatures or when the samples are annealed.
CONCLUSIONS
The commonly considered geometric configurations for phtalocyanines (Pcs) with central metal-halide substituents comprise situations with the halide groups pointing either toward or away from the substrate. Here, we suggest a different situation to be the thermodynamically most stable case [at least on the Cu(111) surface], namely, dissociation of the molecule with the Cl atom split off from the Pc backbone. The calculated adsorbate geometry for such a situation is in excellent agreement with previously published X-ray standing wave data for that interface. Interestingly, we find essentially identical work-function changes for a number of cases: (i) the experiments, (ii) previous calculations for GaClPc on Cu(111) in the Cl-down configuration (ref 12) at fixed geometries, (iii) a fully optimized Cl-down geometry, and (iv) the geometry with the Cl atom split off the molecular backbone. This is surprising, given that the calculated adsorption geometries in configurations ii−iv are vastly different. This apparent conundrum is resolved by associating the work-function changes with Fermi-level pinning. A situation in which a significant fraction of the GaClPc molecules dissociate and GaPc and Cl adsorb separately is fully consistent with the available experimental data for situations in which enough energy has been provided to overcome the activation energy barrier for dissociation; depending on the annealing time/film growth temperature, the coexistence of different phases (Cl-up, Cl-down, Cl-diss) is also a viable scenario. The described dissociation effects of halogens might play a crucial role for other interfaces as well, especially those including reactive surfaces such as Cu(111). 21, 44 This implies that particular care must be taken during any annealing procedures and that scenarios similar to the one presented here have to be taken into account when one is trying to understand experimental observations. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.jpcc.6b00312.
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